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Hess, "Deuterium Post-Metal Annealing of MOSFETs for Improved Hot 
Carrier Reliability," IEEE Electron Device Letters, Vol. 18, No. 3, pages 81-83, 
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6023093. 
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annealing process is effective to significantly reduce effects associated with 
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09/160,657, referred to in paragraph 5 above, is substantially the same as the 
deuterium annealing process described in the IEEE Electron Devices 



publication with reference to Fig. 4B (First Metal anneal without the silicon 
nitride barrier depicted in Fig. 1). Thus, the deuterium annealing process 
under conditions outlined in paragraph 5 above and as described in 
application 09/160,657, would result in a concentration of at least about 10 16 
cm" 3 deuterium at the gate oxide (dielectric film)/silicon (substrate) interface 
and in the gate oxide (dielectric film) of the transistor device. Claim 1 of US 
Patent 6023093 recites a concentration of at least about 10 16 cm" 3 deuterium 
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Patent 6023093, to substantially reduce degradation associated with hot 
carrier effects. 
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Rdductiomb^hb^eled^ic degradation In metal oxidQemiconductor 
transistors; by deuterium processing 
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We report experimental results that replacing hydrogen with deuterium during the final wafer 
sintering process greatly reduces hot electron degradation effects in metal oxide semiconductor 
transistors due to a new giant isotope effect Transistor lifetime improvements by factors of 10-50 
are observed. A plausible physical theory suggests that the benefits of deuterium use may be general 
and also applicable to other areas of semiconductor device processing and fabrication. © 1996 
American Institute of Physics. [S0003-695 1(96)004 18-4] 



The time-dependent degradation of metal oxide semi- 
conductor (MOS) transistor performance resulting from hot 
(energetic) electron effects has been an area of considerable 
study over the past 25 years. 1 According to established 
theory, this aging process is thought to occur in part as the 
result of hot electrons stimulating the desorption of hydrogen 
from the Si/Si0 2 interface region. Hydrogen is introduced by 
necessity during several device processing steps as, for ex- 
ample, during the sintering of the wafers at elevated tempera- 
ture in a hydrogen ambient 2 While this process improves 
device function, it sets the stage for subsequent hot electron 
degradation. In this letter we demonstrate an alternative pro- 
cess in which the interface states are passivated by deuterium 
instead of hydrogen. Transistors that have been annealed 
with deuterium show a greatly reduced degradation due to 
hot electron effects. 

The idea, of using deuterium instead of hydrogen was in 
part inspired by experiments in which a scanning tunneling 
microscope (STM) was used to stimulate the desorption of 
hydrogen from Si(100)2Xl:H surfaces under ultrahigh 
vacuum (UHV) conditions. 3 Following the suggestion of 
Avouris, 4 these experiments were extended to deuterated sur- 
faces in order to explore more fully the surface science issues 
of this process. From these new experiments it was discov- 
ered that deuterium is much more difficult to remove under 
the conditions used to desorb hydrogen. 5 While there are 
clearly many differences between a free surface in UHV and 
a buried Si/Si0 2 interface, this result suggests the possibility 
for a sizable isotope effect if hydrogen is replaced by deute- 
rium during the conventional wafer sintering step. To test for 
the advantages of using deuterium, unmapped complementary, 
metal oxide semiconductor (CMOS) wafers fabricated at 
Bell Laboratories were subjected to the deuterium sintering 
process at Illinois and then returned to Bell Laboratories for 
electrical stress testing. 

The wafers used for our tests contained n-channel metal 
oxide semiconductor (NMOS) transistor structures fabricated 
using the Bell Laboratories 0.5 fjtm 3.3 V CMOS technol- 
ogy. 6 However; the following three changes were made: (i) 
the gate oxide was reduced to f ox ~55 A, (ii) the doping in 
the p-well wasjaereased, and (iii) the phosphorus doped 



lightly doped drain region was replaced by a shallow arsenic 
implanted (dose = 4X10 14 cm" 2 and energy = 30 keV) 
source-drain extension region. These process modifications 
enhance the peak value for the source-drain electric field 
near the drain edge of the gate, resulting in more channel hot 
electrons. The shallow source-drain extension ensures that 
these hot electrons are near the Si/Si0 2 interface, where they 
will cause significant interface damage. The interface dam- 
age, caused by these hot carriers, can easily be observed by 
monitoring the change in the NMOS transistor transconduc- 
tance (i.e., g m = &I D s ' A V GS \ v DJ =o.i v) or by the shift in the 
transistor threshold voltage V rw . 7 

For this study, accelerated hot carrier dc stress experi- 
ments were performed on transistors with varying gate 
lengths (0.5-15 /tm) at peak substrate current conditions. 
The applied (accelerated) stress source drain voltage was 
V DS =5 V and the source gate voltage was V C5 =2 V. 
Stress experiments performed at lower voltages (V DS 
= 3.8 V and V GS = 1.5 V) and shorter gate lengths (0.3 and 
0.4 ftxn) give results similar to the ones reported below. Pre- 
stress transistor measurements demonstrate that devices sin- 
tered in hydrogen or deuterium have identical electrical char- 
acteristics (e.g., transconductance, subthreshold slope, 
threshold voltage, saturation current, substrate current, etc.). 

Figure 1 shows the g m degradation as a function of stress 
time for NMOS transistors with five gate lengths ranging 
from 0.5 to 0.7 /tm. Figure 2 shows the threshold voltage 
increase as a function of stress time for the same devices. All 
of these transistors are from the same wafer and were pro- 
cessed identically except for the manner in which they were 
sintered. Wafers sintered in deuterium exhibit much more 
resilience to channel hot carrier stress. In our comparative 
study, we have electrically stressed 80 or so transistors, and 
have observed the same strong trend. These results have also 
been verified by performing the same electrical stress experi- 
ments on a second wafer from another lot If we use_2Q% 
g m degradation as a lifetime criterion, transistors sintered in 
deuterium typically have lifetimes 10-50 times longer than 
those sintered in hydrogen. Likewise, we observe a factor of 
10 improvement in lifetime if we take a shift of 200 mV in 
threshold voltage as the degradation criterion. In our opinion, 
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FIG. 1. Comparative time-dependent degradation of the transconductance 
g m for five NMOS transistors sintered in hydrogen (solid symbols) and 
deuterium (unshaded symbols). The sinter process was performed in a 90% 
N 2 : 10% H 2 (D2) ambient at 400 °C for 1 h. 



further improvements in lifetime will be achieved once the 
optimum sinter process conditions are determined. 

The theoretical explanation of the reduced hot electro n 
d^gradatiog due to deuterium treatment is probably analo- 
gous to the explanation for the STM experiments by Avouris 
et a/., 8 although this analogy should not be pushed too far. 
They showed that hydrogen absorbed on the silicon surface 
can be taken off by a STM tip up to 100 times easier than 
deuterium. An explanation of such a giant isotope effect can 
be found by assuming that the hot electrons cause a popula- 
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FIG. 2. Comparative time-dependent increase of the threshold voltage V th 
for NMOS transistors sintered in hydrogen (solid symbols) and deuterium 
(unshaded symbols). These are the same five devices shown in Fig. 1. 



B tionirofS^ state. 
.' This -results in^fpm the hydrogen away 

from the silicon surface leading to reduced wave function 
overlap with buU^sfficbn - states. -That - acceleration is, of 
course, much ^ the deuterium because of its 

bigger mass. For the same reason the kinetic energy gain 
necessary for dissociation is reached faster by hydrogen than 
by deuterium. 1 In other words, the differences between hydro- 
gen and deuterium arise from dynamic effects as they are 
important in chemical reactions. The static chemical bonding 
is evidently the same for both hydrogen and deuterium which 
is the reason for the identical transistor properties after hy- 
drogen and deuterium treatment before hot electron dynam- 
ics and resultant damage. The difference of the hot electron 
degradation compared to the STM experiment lies mainly in 
the more complex chemistry of the Si/SiO 2 interface. The 
hydrogen (deuterium) passivating a silicon bond may (due to 
hot electron excitation) transfer to the Si0 2 , passivating a 
more removed silicon, bond or linking up with oxygen or 
even forming H 2 (D2). All of these processes may be com- 
plicated by processes of interface reconstruction and defect 
chemistry. As a consequence, the energy needed to depassi- 
vate and remove hydrogen (deuterium) may be significantly 
different from the energies in the STM experiments; The 
close proximity of Si0 2 (instead of the more remote tip) will 
also permit different reactions of hydrogen (deuterium) than 
the "reaction" with the tip electrode. 

In addition to the effects discussed above there are also 
other effects that may explain the large improvement of hot 
electron degradation by use of deuterium. One effect is the 
well-known isotope effect that relates to the larger zero point 
energy of the Si-H oscillations as compared to Si-D. An- 
other effect is the possibility of excited Si-H or Si-D oscil- 
lations. Hot electrons in devices may excite by multiple im- 
pact oscillations far above the thermal equilibrium and thus 
force dissociation. A multiple excitation mechanism is also 
thought to explain hydrogen desorption at lower electron en- 
ergies in the STM experiments. 9 Again, deuterium would 
show less energy transfer because of its large mass. Another 
explanation is related to the possible mass dependence of 
tunneling of the nuclei that might be involved in the chemi- 
cal process of dissociation. We do not want to speculate at 
this point on which effect is dominant. All of these effects 
favor deuterium as the more stable passivation. The general- 
ity of these effects suggests that deuterium instead of hydro- 
gen may be beneficial in other processes, devices, and device 
materials. Note that the well-known effects based on differ- 
ing mobilities of H + and D + (e.g., following gamma 
irradiation 10 ) or as occurring in electrolysis will not explain 
the giant isotope effect that we observe. These effects do not 
involve hot electrons at the interface. 

In conclusion, we have demonstrated that , the replace- 
ment of hydrogen with deuterium during the final wafer sin- 
tering process results in substantially reduced susceptibility 
to hot electron degradation effects. The explanation of the 
effect is based on the increased difficulty to break the deute- 
rium bond due to the additional neutron mass. 
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Deuterium Post-Metal Annealing of MOSFET's 
for Improved Hot Carrier Reliability 

I. C. Kizilyalli, I W. Lyding, and K. Hess 



Abstract-^ Low-temperature post-metallization anneals in hy- 
drogen ambients are critical to CMOS fabrication technologies 
in reducing Si/St0 2 interface trap charge densities by hydrogen 
passivation. In this letter we show that the hot carrier reliability 
(lifetime) of NMOS transistors can be increased by an order of 
magnitude when wafers are annealed in a deuterium ambient 
This phenomenon can be understood as a kinetic isotope effect 
The chemical reaction rates involving the heavier isotopes are 
reduced, and consequently, under hot electron stress, bonds to 
deuterium are more difficult to break than bonds to protium 
(H). However, the static chemical bonding (Le., binding energies 
and excited states) is evidently the same for both hydrogen and 
deuterium. We measure identical transistor function after hydro- 
gen and deuterium treatment before hot electron dynamics and 
resultant damage. Therefore, deuterium and hydrogen post-metal 
anneal processes are compatible with each other in semiconductor 
manufacturing. SIMS analysis proves that at typical anneal 
temperatures (400-450 °C), deuterium diffuses rapidly through 
the interlevel oxides and accumulates at Sl/SiCb interfaces* Tran- 
sistor speed versus reliability trade-off in CMOS device design is 
discussed in light of the findings of this study. 

I. Introduction 

THE DEGRADAHON of MOS transistor performance 
resulting from channel hot electrons has been an area of 
considerable study [1]. According to established theory, this 
aging process occurs as the result of hot electrons stimulating 
the desorption of hydrogen from the Si/SiO? (channel/gate- 
oxide) interface [2]. The process of post-metallization anneal 
of the wafers at low teniperatures in hydrogen ambients 
Improves device function by passivating the otherwise elec- 
trically active interface traps [3], [4], but it sets the stage 
/for subsequent hot electron degradation. We have recently 
'demonstrated an alternative process during which the interface 
states are passivated by deuterium instead of hydrogen [5], 
and have reported NMOS transistor lifetime improvements of 
larger than a factor of 10. The idea of using deuterium was in- 
spired by experiments where a scanning tunneling microscope 
(STM) was used to stimulate the desorption of hydrogen or 
deuterium from Si(100)2 x 1:H(D) surfaces under ultrahigh 
vacuum conditions [6]-[10]. It was discovered that deuterium 
is much more difficult to remove under the conditions used to 
dftsnrh hy flroqen.^ 
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. In this letter, we provide recent measurements from a 
second lot experiment to show that deuterium and hydrogen 
post-metal anneal processes are compatible with each other 
for device function and use in semiconductor manufacturing. 
Speed versus reliability trade-off in CMOS device design is 
briefly discussed. 

EL Experiments and Discussion 

After the first level of metal processing [11], uncapped 
wafers and wafers capped with SiN were subjected to a 
deuterium sintering process. No improvement in transistor 
hot electron lifetimes was observed if the sinter step was 
performed after the wafers were capped with SiN. Clearly, 
SiN is a barrier for the diffusion of hydrogen as' well as 
deuterium. Note that in this case, the passivation of the Si/Si02 
interface still occurs via hydrogen that is present in large 
quantities in plasma deposited dielectric films [12]. Fig. 1 
shows the secondary ion mass spectroscopy (SEWS) profile 
through the first interlevei oxide and silicon for two uncapped 
samples. annealed in hydrogen anAdeuterium a t 400 °C for 1 h : 
Deuterium, is present: in the^mtedevei oxide at concentrations 
o£~10f q ~cm". 3 -andrfl^^ 

Transistors annealed in hydrogen or deuterium prior to hot 
electron stress can not be distinguished in any regiqn of 
operation (Kg. 2). It appears that deuterium and hydrogen are 
equally effective in reducing the interface trap charge density. 
This is because the energies involved in chemical bonding are 
the. same for both isotopes and consequently the equilibrium 
properties are the same. 

Accelerated hot carrier dc stress experiments were per- 
formed on NMOS transistors at peak substrate current condi- 
tions. The interface damage, caused by hot carriers, is observed 
by monitoring the change in the linear transconductance (g m ) 
and threshold voltage "(Vlh) of the NMOS transistor. Fig. 3 
shows the V t h degradation as a function of stress time. Fig. 4 
shows NMOS transistor lifetime versus substrate current. 
Clearly, devices annealed in deuterium are much more robust 
under channel hot electron stress. The extrapolated transistor, 
lifetimes are indicated using various degradation criteria. The 
large lifetime difference between the two anneal processes is 
apparent. It is noted that. the. substrate current specification 
for this technology- can be increased by a factor of Z while 
achieving equivalent hot electron degradation lifetime- when 
deuterium is substituted forfhydrogen in the post-metal anneal 
process. 

Kinetia isotope effects- connected to deuterium, and 
hydrogen, dissociation, from: surfaces- have- been extensively 
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Fig. 1. SIMS profiles for deuterium, hydrogen, and oxygen. 18 0+ is moni- 
tored to locate the SiO^/Si interface. The 2 D+ concentration can be inferred 
from the difference between the 2 IT 1 " profiles for wafers annealed in deuterium 
and hydrogen (figure courtesy of F. Stevie) [13]. 
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Fig. 2. Drain current versus gate voltage for NMOS and PMOS transistors 
annealed in forming gas with deuterium and hydrogen ambients. The anneal 
time is 1 h and performed at 400 °C 



reported in the literature in different context. We believe 
that the existence of a large isotope effect in hot electron 
degradation demonstrates that degradation occurs due to 
one. of the well-known isotope mechanisms,, for example the 
Mentzel-Gomer-Redhead. effect [14]. There are. other isotope- 
sensitive mechanisms. However; they are very similar and: 
we describe- only one as a typical example; The- hot electrons 
of ther silicon, conduction: channel- excite- the- electron: of the- 
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Fig. 3. Degradation of V t h versus time. The transistors were fabricated 
using a development version of Lucent's 0J5-/im CMOS technology where 
Lq = 0.35 /im, /on = 600 nA/pm and V t h « 0.65 V. LDD regions are 
implanted with arsenic. The stressed transistors are from the same wafer and 
are processed identically except far the manner in which they are annealed. 



silicon-hydrogen (deuterium) bond into an antibonding state. 
This results in a force accelerating the hydrogen away from 
the surface and leads to dissociation. Deuterium, because it is 
twice as heavy, does not accelerate as rapidly and the electron 
returns to. the bonding state before dissociation occurs. This 
simplified description shows the principle: in the process of 
dissociation the mass of the atom plays a significant role 
(the exact model shows that it enters exponentially) and a 
large kinetic isotope effect is the consequence. We would 
like to point out that this model permits a complete physical 
description of hot electron damage from the energetic electron 
to the creation of the dangling bond. Such a model is then 
also able to distinguish the relative importance of single and 
multiple electron excitation. This should also give indication 
then whether the lowering of operating voltages can or can not 
eliminate damage completely. Obviously, if single excitation 
is the mechanism, the effect will be reduced as soon as 
the operating voltages are too small to cause excitation 
of an electron to the antibonding state. Multiple electron 
excitations would not permit such conclusions. Note also 
that the generality of the isotope effect gives a very strong 
indication that degradation which does not exhibit isotope 
differences is not related to simple hydrogen desorption. 
Isotope studies of all possible degradation mechanisms should 
provide important clues for their origin;. 

The impact of this study on the. existing sub-0.5-^m.CMOS 
technologies (313 and 5- V) is obvious, especially for those* 
technologies where- standard hot electron- degradation criteria* 
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Fig. 4-. Hot electron degradation lifetime versus substrate- current Stress 
voltages of Vfcg w 4.2-16 V were used. A substrate current specification of 
hvB = 2000 nA//im at Vfos — 3.3 V is assumed 

such as 10% g m degradation in one year are barely met 
[15]. Possibilities of further feature size reduction and more 
aggressive drain engineering, with constant supply voltages, 
are offered by our technique. However, it is very difficult to be 
quantitative. This is because, constraints imposed by hot elec- 
tron effects are only one of the many other considerations that 
determine the minimum allowed gate length for a technology. 

We have experimentally established that, for. the deuterium 
anneal process to have the desired effect of enhancing the hot 
carrier reliability of a transistor, it must be performed prior 
to a SiN cap process. The questions, whether a multilevel 
metallization or a SiN cap process renders the deuterium 
anneal ineffective, have not been answered here and are topics 
of current research. 

m Conclusion 

In this letter we have- shown that the hot carrier reliability 
(lifetime) of NMOS transistors annealed in deuterium can be. 
increased by an order t)f magnitude over those annealed in 
hydrogen. We interpret this phenomena, as a kinetic isotope 
effect. Identical pre^egradation transistor properties after hy- 
drogen and deuterium -treatment are measured, suggesting that 
deuterium and hydrogen post-metal anneals are compatible 
processes for- semiconductor manufacdiring. SIMS analysis 



prove that deuterium diffuses rapidly through the interlevel 
oxides and accumulates at the Si/Si0 2 interface; Deuterium an- 
nealing may allow further transistor size reduction by relaxing 
the constraints imposed by hot electron effects. 

Furthermore, we propose that the demonstrated isotope 
effect is relevant for improving the reliability of devices based 
on the hydrogenated (deuterated) amorphous-silicon material 
system (e.g., solar cells) where dangling bond defects are 
caused by exposure to light and fields. 
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The Combined Effects of Deuterium Anneals 
and Deuterated Barrier-Nitride Processing on 
Hot-Electron Degradation in MOSFET's 

Thomas G. Ference, Jay S. Burnham, William F. Clark, Terence B. Hook, 
Steven W. Mittl, Kimball M. Watson, and Liang-Kai Kevin Han 



Abstract — This paper describes the combined effects of deu- 
terium anneals and deuterated barrier-nitride processing on hot- 
electron degradation in MOSFET's. Devices subjected to a 60- 
min, 400 °C, 10% deuterium/90% nitrogen anneal after silicidiza- 
tion show a 32 x improvement in hot-electron lifetime. These same 
devices are then passivated with a deuterated barrier-nitride 
layer formed using deuterated ammonia (ND 3 ) and conventional 
siiane (SiH 4 ). Further deuterium anneals along with conventional 
contact and metal-level processes are used to integrate the devices. 
Hot-electron stressing and SIMS analysis performed at various 
points in the processing give insight to methods of retaining 
the beneficial effects of deuterium during subsequent thermal 
processing. 

Index Terms — Annealing, deuterium, hot carriers, MOSFET's, 
nitride, ND 3 , semiconductor, SiD 4 , surface states. 



I. Introduction 

DESPITE aggressive scaling of the power supply voltage 
in leading-edge technologies, the integrity of gate oxide 
remains a key reliability issue. The field across the gate oxide 
has generally increased with scaling, and hot-electron shifts 
continue to plague the FET's, even at 1.5 nm [1]. Although 
electrons may readily tunnel out of the oxide when it is only 
3.5-nm thick or less, damage to the silicon/silicon dioxide 
interface is not so easily avoided. From the viewpoint of 
device design, the electric field may be reduced by compro- 
mising device performance by adding a resistive lightly doped 
drain region. From the perspective of the process, various 
approaches to mitigating this damage have met with varying 
degrees of success. The addition of impurities such as fluorine 
and chlorine to the interface have a beneficial effect on the hot- 
electron and X-ray damage immunity [2]. Nitrogen, an additive 
to the oxide, has recently found widespread use [3], [4]. 
For nitrogen, improved hot-electron response is accompanied 
by other effects such as retardation of boron penetration 
and degradation of the electron mobility. Improvement of 
lifetime on the order of 2-5 x is typical for nitxided oxides. 
It is invariably necessary to add hydrogen to the interface to 
reduce the number of as-oxidized interface traps and stabilize 
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the threshold voltage, but super-saturation of the oxide with 
hydrogen during dielectric deposition dramatically degrades 
the NFET lifetime [5]. However, substituting deuterium for 
hydrogen at the standard interface passivation anneal step 
improves the NFET lifetime by a factor of 10-100 [6]-[8]. 
The exact mechanism of this improvement is not known, but 
is believed to be related to the mass of the passivating species 
because the chemistry of the two species is nearly identical 
[7], When the passivating species at the silicon/silicon-dioxide 
interface is deuterium instead of hydrogen, there is no doubt 
that the interface is more robust to hot-electron damage 
[6]-[8]. The technological difficulty is in placing and retaining 
the deuterium at the interface in a hydrogen-rich environment. 
During device fabrication various key films such as siiane, am- 
monia, TEOS, and forming gas are formed from hydrogenated 
gases. Even the very last process steps can affect the hydrogen 
concentration in the gate oxide [5], [9]. 

This work investigates a novel method for incorporating 
deuterium into MOSFET devices. Past efforts have focused 
on diffusing deuterium into the gate region of devices with 
an anneal in a deuterium ambient [6]-[9]; the anneals were 
performed after a device was fabricated (after the first level of 
metallization). Annealing at this step in the processing has the 
drawback of requiring deuterium to diffuse through multiple 
layers as well as having to be compatible with typical back- 
end-of-line (BEOL) processing. To have minimal impact on 
metal sheet resistance, a low-temperature anneal is required. 
The lower the anneal temperature, the less effective it is to 
diffuse deuterium to the gate region. We propose to incorporate 
deuterium directly into the device by using a deuterated pre- 
cursor species to fabricate a deuterated silicon-nitride reservoir 
and a barrier to subsequent in-diffusion of hydrogen and out- 
diffusion of deuterium. This approach makes the deuterium- 
enrichment, process independent of BEOL processing. As part 
of this overall investigation, variations in the device structure 
and the anneals have also been evaluated to gain insight to 
methods of retaining the positive deuterium effects. 

n. Experimental Procedure 

A. Device Structure 

A 0.35-/xm, 5-nm gate oxide, 2.5-V CMOS device was used 
to evaluate the effects of deuterium anneals and deuterated 
silicon-nitride processing on hot-electron degradation; 200- 
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Fig. 1. CMOS device structure used in experiments. 

mm wafers with fully integrated devices were used in all 
the experiments. The basic structure of the device is shown 
in Fig. 1. Nitride spacers, and the deuterated barrier-nitride 
layer are key features of this device that make it different 
from devices used by previous researchers [6]-[8] studying 
the effects of deuterium on device lifetime. The barrier-nitride 
layer is used both as an etch stop for the contact etch and as 
a barrier to ionics from BEOL dielectrics and metallurgy. 

B. Anneals 

All anneals were carried out in a vertical anneal furnace 
using a forming gas ambient. For the deuterium anneals, 
the gas ambient was a mixture of 10% deuterium and 90% 
nitrogen. The hydrogen anneals used 10% hydrogen and 90% 
nitrogen. Different temperature and time conditions were used 
for the various anneals. Post-silicide and at first-metal anneals 

j had a 400 °C, 60-min dwell. Post-liner deposition anneals had 

1 a 550 °C, 30-min dwell. 

C. Nitride Formation 

Formation of the silicon nitride was carried out using 
PECVD. For forming deuterated silicon nitride, ND 3 replaces 
NH 3 , which provides the deuterium source. 

D. Nitride Characterization 

Rutherford backscattering spectrometry (RBS) methods 
were used to characterize the silicon-nitride films. The RBS 
instrumentation consisted of an NEC 5SDH accelerator with a 
Charles Evans and Associates RBS400 end station. A sample 
consisting of a blanket film on a silicon wafer was irradiated 
with 2.9 meV doubly charged helium (He 2+ ) ions in both 
standard and hydrogen forward-scattering geometries. The 
data was analyzed with the Rutherford Universal Manipulation 
Program (RUMP) and standardized with tungsten silicide. 
Table I indicates the RBS-derived compositions of the silicon- 
nitride films used in the fabrication of the devices evaluated in 
this paper. As stated previously, conventional silicon-nitride 
films were formed from SiH4:NH 3 , while deuterated films 
were formed with SiH4:ND 3 . The Si and N concentrations 



TABLE I 

Rutherford Backscattering Spectrometry Measurements 
of Elemental Concentration for PECVD Nitride 
Deposited with (S1H4 : NH 3 ) and (SiH4 : ND 3 ). 



Formation Gases 


Si 


N 


H 


D 


D/(H+D) 


(SiH 4 : NH 3 ) 


0.30 


0.50 


0.20 


0.00 


0% 


(SiH 4 : ND 3 ) 


0.30 


0.50 


0.11 


0.09 


45% 



were the same for both types of films. The total concentration 
of hydrogen plus deuterium was 20 atomic percent for both 
films, with 45% being deuterium in the partially deuterated 
film. 

£. SIMS Analysis 

Secondary ion mass spectrometry (SIMS) was utilized for 
film characterization of the integrated devices. The dashed 
line in Fig. 1 delineates where SIMS profiles were taken 
through a device to determine elemental compositions. A 
150 ^mx300 fim MOS capacitor with the same general 
structure illustrated in Fig. 1 was analyzed. The SIMS analyses 
were performed with Cameca IMS6f and IMS4f instruments. 
A 14.5-keV positive cesium (Cs + ) ion-beam sputtered the 
negative secondary hydrogen (1H~) and deuterium (2H~) 
ions that were detected after accelerating to 4.5 keV. Samples 
with insulating overlayers were either stripped in concentrated 
HF or gold-coated and analyzed with an electron flood for 
charge compensation. All analyses were calibrated with 1H 
and 2H implants in silicon. No attempt was made to correct 
for sensitivity differences in the oxide and nitride layers. 

F. Device Lifetime Stress 

Hot-electron lifetime was determined from stresses at four 
different V ds (drain-to-source voltage) values with V zs (gate- 
to-source voltage) chosen for peak substrate current at each 
Vd s . Reverse saturated I ds (drain to source current) was used as 
the degradation parameter and was measured at — 2.5 V 
and V gs = 2.5 V, with the source and drain interchanged 
from stress configuration. Stress voltages were applied until the 
reverse saturated I ds was decreased by 10% or 30000 seconds 
elapsed. The lifetime-to-10% decrease in reverse I ds was 
interpolated or extrapolated from the data. Substrate current 
was measured at the beginning of the stress for each device. 

m. Experimental Results 

The lifetime of devices fabricated with conventional 
hydrogen-containing materials and annealed in deuterium 
and hydrogen, post silicide, is plotted in Fig. 2. The devices 
were tested after anneal, but before further processing. The 
deuterium-annealed devices showed a 32 x improvement 
over those annealed in hydrogen. Similar devices were then 
processed with conventional hydrogen-containing materials 
up to first-metal, where they were retested; the results are 
plotted in Fig. 3. These devices showed no difference between 
those annealed in hydrogen. It is surmised that the thermal 
processing subsequent to the deuterium anneal diluted the 
deuterium in the gate-oxide/silicon region with hydrogen to 
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Fig. 3. NFET lifetime versus substrate current for 10% deuterium/90% 
nitrogen, 400 °C, 60-min anneal post silicide processed to first level of metal. 



the point where the deuterium/hydrogen ratio was no longer 
high enough to reduce hot-electron degradation. 

To obtain a better understanding of how deuterium anneals 
affect deuterium concentrations in the gate region of a device, 
deuterium anneals were done on two device structures and 
at two different processing steps. Both devices were NFETs 
\ based on the structure in Fj &J. One device had a barrier- 
\ nitride layer and the other was fabricated without the barrier- 
'nitride layer. In both cases, all films were formed using 
conventional hydrogen-containing species.^Deuterium anneals 
V were done post-silicide and at the first-metal level. Anneal con- 
ditions were as described earlier in the experimental procedure. 
Fig. 4 shows SIMS profiles of the deuterium concentration in 
each device traversing through the silicide, polysilicon, the 
gate oxide, and into the silicon of the device gate region. 

The devices annealed post-silicide and, corresponding to 
the 32 x improvement discussed earlier, showed significant 
amounts of deuterium in the polysilicon gate, with more in 
the gate-oxide region. The device without nitride and annealed 
at first-metal had substantially less deuterium integrated into 
the device. The device with the nitride layer and annealed 
at first-metal had almost no de uterium incorporated into the 
device. These results reveal that the nitride layer acts as a 
barrier to deuterium diffusion during the anneal at first-metal 
and that, without the nitride layer, deuterium can diffuse into 
the gate-oxide region even if the device has nitride spacers. 

To further understand the role that the nitride layer plays, 
SIMS profiles were taken through a sample containing a 
nitride layer, silicide, polysilicon, gate oxide, and silicon 
of a device that was annealed at silicide with deuterium 
and had the partially deuterated silicon-nitride film described 
earlier. With the blanket barrier nitride in place, the lifetime 
improvement could not be tested for the devices at this 
point. This composition profile, shown in Fig. 5, reveals that 
the nitride film contains three orders of magnitude more 
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Fig. 4. SIMS deuterium profiles for anneals of different structures. 

deuterium/hydrogen than the gate-oxide region of the device. 
The nitride film acts as a reservoir for deuterium/hydrogen. 
This easily explains how the 32 x improvement seen in the 
sample annealed in deuterium post silicide was diluted when 
the hydrogen-containing nitride layer was deposited and put 
through other BEOL thermal processing. The silicide and 
polysilicon provide a diffusion path between the H reservoir in 
the nitride and the gate oxide. We also observed the following 
from the composition profile in Fig. 5. 

1) The higher concentration of hydrogen indicated in the 

polysilicon and silicon is an artifact of the background 

level in the SIMS tool. 
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2) The deuterium preferentially segregates to the gate- 
oxide/silicon region of the device. The use of an implant 
in silicon to calibrate the profiles actually leads to 
erroneous concentrations of deuterium and hydrogen in 
the gate-oxide region. 

3) The nitride film contains almost equal amounts of deu- 
terium and hydrogen and correlates well with the RBS 
data shown in Table I. 

Given that the silicon-nitride film used in these devices acts 
both as a barrier to hydrogen and to deuterium diffusion across 
it and as a reservoir for deuterium and hydrogen, an attempt 
was made to use the partially deuterated silicon-nitride film 
to retain deuterium's positive lifetime effect. Fig. 6 shows 
lifetime versus substrate current for devices fabricated with 
different process conditions at post-silicide surface anneal, 
nitride film composition, and contact liner anneal. Hydrogen- 
containing or deuterium-containing species were used at these 
process steps. All lifetime measurements were made after the 
• formation of tungsten contacts. The results indicate that a post- 
silicide anneal to replace hydrogen at the gate-oxide/silicon 
interface, combined with the deuterated nitride reservoir, pro- 
vides some improvement in device lifetime. This improvement 
can be further increased by combining it with no anneal or, 
better yet, a deuterium anneal at the contact-liner formation. 
This improvement in lifetime (~6x) with the contact liner 
anneal in deuterium is attributed to the fact that openings in 
the barrier-nitride layer allow a pathway for deuterium and 
hydrogen to pass through to the gate-oxide region of the 
device. 

With a post-silicide deuterium anneal, deuterated silicon 
nitride, and deuterium contact-liner anneal, further processing 
to first-metal with conventional hydrogen-containing species 
shows that the device lifetime improvement at first-metal is 
exactly the same as that seen at contact level (Fig. 7). These 
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observations support the theory that, once the deuterium is 
incorporated into the device, equilibrated with a reservoir, 
and sealed with a diffusion barrier, further changes in the 
deuterium profile in the device are essentially independent of 
BEOL processing. 

Although the partially deuterated silicon-nitride film can act 
as a deuterium reservoir and barrier to subsequent hydrogen 
processing, it never reached the 32 x improvement seen after 
the silicide anneal in deuterium. Evaluating the device lifetime 
as a function of the percentage of deuterium at the gate- 
oxide/silicon-interface region allows us to better understand 
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reservoir can be separate films with their respective roles and 
properties or they can be a single film as used in the present 
study with the barrier-nitride layer. 

Conceptually, the ideal process is to use conventional semi- 
conductor processing up to a point; we selected post-silicide 
processing as our point. At that interval, as much hydrogen 
as possible should be replaced with deuterium in the device 
region. This is accomplished with the post silicide anneal. 
An alternative method is a vacuum anneal followed by a 
deuterium anneal as practiced by Autran et ai [11]. A large 
deuterium reservoir film is then used to cover the device. A 
reservoir can be any material containing high concentrations 
of deuterium and in close proximity to the gate-oxide/silicon 
region. This reservoir dilutes any residual hydrogen remaining 
in the device. A deuterium/hydrogen diffusion barrier layer is 
then added to prevent intermixing of deuterium and hydrogen 
from subsequent processing. (This allows BEOL processing 
to be done using conventional hydrogen-containing materials.) 
When making contacts to the devices, holes need to be opened 
through the reservoir and barrier layers; in this case, thermal 
processing should be done in a deuterium ambient until the 
openings are once again plugged with a "barrier" type material 
such as tungsten studs. 



the above results. Fig. 8 indicates the lifetime improvement 
as a function of deuterium concentration in the gate-oxide 
region. The deuterium percentage was calculated as a ratio 
of deuterium to the total amount of deuterium + hydrogen 
using SIMS dose data. This plot was generated from the 
SIMS data for the devices evaluated in this paper. For a 
device equilibrated with a reservoir containing 45% deuterium, 
one would expect a similar equilibrium composition of 45% 
deuterium in the gate-oxide/silicon region. For this deuterium 
concentration, the lifetime improvement predicted from the 
data in Fig. 8 would be 6x. Lifetime improvements of 10 x 
or more can be expected only when more than 50% of the 
hydrogen in the gate-oxide/silicon region is replaced with 
deuterium. The graph also suggests that greater than 100 x 
lifetime improvement is achievable if all the hydrogen is 
replaced by deuterium. This correlates well with the results of 
other researchers [8] who have seen up to a 100 x improvement 
in lifetime using deuterium anneals. 

IV. Deuterium Reservoir and Barrier Technique 
The concept of a deuterium reservoir and barrier [10] lends 
itself to some unique processing and deuterium retention ca- 
pabilities. With a deuterium reservoir and barrier, the number 
of processing steps that require deuterated materials can be 
limited and the BEOL processing can be independent of the 
front-end-of-line (FEOL) deuterium incorporation. This should 
ultimately reduce costs and give more flexibility in BEOL 
processing. The main purpose of the reservoir is to supply 
deuterium to the gate-oxide/silicon region, and the barriers 
main purpose is to stop deuterium from leaving the gate- 
oxide/silicon region and to prevent hydrogen with subsequent 
processing from getting into the gate-oxide/silicon region that 
would dilute the deuterium already present. The barrier and 



V. Conclusion *■ 
Up to a 32 x improvement in device lifetime has been 
observed in CMOS devices annealed in a 10% deuterium/90% 
nitrogen ambient. The greatest improvement was seen after 
silicide anneal, with subsequent thermal processing degrading 
the effect. A device without silicon nitride and with a 10% 
deuterium/90% nitrogen anneal after first-metal showed less 
deuterium. A silicon-nitride layer incorporated on top of the 
device after silicide acted as. a barrier to deuterium diffusion 
out of the gate-oxide/silicon region, and as a barrier to hy- 
drogen diffusion into the gate-oxide/silicon region for anneals 
performed at first-metal. 

Creating a deuterium reservoir/barrier in the form of a 
silicon-nitride layer on top of the device can improve deu- 
terium retention during subsequent BEOL processing. For the 
experiments presented in this paper, the silicon-nitride layer 
is formed from a mixture of deuterated ammonia (ND 3 ) and 
conventional silane (SiH 4 ). The nitride layer incorporates a 
total of 20% hydrogen/deuterium with a ratio of deuterium to 
hydrogen of 0.45. 

The ratio of deuterium to hydrogen at the gate-oxide/silicon 
region is key to determining the expected device lifetime 
improvement. SIMS data indicates that the improvement in 
lifetime is related exponentially to the ratio of deuterium to 
hydrogen, with lifetime improvements of up to 100 x predicted 
for a fully deuterated gate-oxide/silicon region. 

The combination of deuterium anneals and a fully deuterated 
nitride reservoir/barrier layer could be a viable method for 
retaining the positive effects of deuterium, making it possible 
to achieve a full 100 x improvement in device lifetime. This 
improvement may be achieved in a way that is less sensitive 
to subsequent BEOL processing. 
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